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Abstract
Proteins form large macromolecular assemblies with RNA that govern essential molecular
processes. RNA-binding proteins have often been associated with conformational flexibility,
yet the extent and functional implications of their intrinsic disorder have never been fully
assessed. Here, through large-scale analysis of comprehensive protein sequence and
structure datasets we demonstrate the prevalence of intrinsic structural disorder in RNA-
binding proteins and domains. We addressed their functionality through a quantitative
description of the evolutionary conservation of disordered segments involved in binding,
and investigated the structural implications of flexibility in terms of conformational stability
and interface formation. We conclude that the functional role of intrinsically disordered pro-
tein segments in RNA-binding is two-fold: first, these regions establish extended, conserved
electrostatic interfaces with RNAs via induced fit. Second, conformational flexibility enables
them to target different RNA partners, providing multi-functionality, while also ensuring
specificity. These findings emphasize the functional importance of intrinsically disordered
regions in RNA-binding proteins.
Introduction
The interactions between RNA and protein molecules are essential for molecular processes
both in cellular organisms, where they govern the assembly of the protein synthesizing macro-
molecular machineries, such as the ribosome and spliceosome[1], and in viruses, where they
envelope the (RNA) genetic material by capsid formation[2], or enhance the efficiency of viral
transcription [3]. Due to their central role, protein-RNA complexes have been extensively stud-
ied and it soon became apparent that RNA-binding proteins are enriched in intrinsic structural
disorder [4]. As a consequence of conformational flexibility, these proteins often go through
binding-induced folding[5]. Such disorder-to-order transitions appear ubiquitously, and in
RNA-protein interactions conformational changes can occur either in the structure of the pro-
tein, the RNA partner, or both [6]. However, disorder-to-order transitions entail special ener-
getic consequences on the interaction, because a fraction of the available binding enthalpy
needs to compensate for the entropic cost of the conformational changes [5]. Therefore, even
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though structural disorder is prevalent in RNA-binding proteins, the advantages that would
emanate from their prevalent bonding mode, remain elusive. Further, conformational flexibil-
ity could be the by-product of the optimization of electrostatic interactions, since RNA-binding
proteins have to be enriched in positively charged amino acids in order to establish favourable
electrostatic interactions with the highly negatively charged RNA surfaces [7, 8]. Since charged
residues are disorder promoting, they may destabilize the protein chain at the same time.
Understanding the role of structural disorder in protein-RNA interactions would be instruc-
tive in explaining the prevalence of conformational flexibility in general, and could provide
valuable insights regarding complex assembly and the regulation of the molecular processes
these complexes are involved in. Is disorder a by-product of binding optimization in terms of
electrostatic interactions, or is there more to the prevalence of conformational flexibility, than
meets the eye?
Here, we present a comprehensive computational analysis based on both sequence and
structural data in an attempt to elucidate if protein function correlates with intrinsic disorder
in RNA binding proteins. We demonstrate the extent of structural disorder in the known
RNA-binding proteins in an evolutionary context, investigate the consequences of conforma-
tional flexibility and test a number of plausible explanations for the enrichment of intrinsic dis-
order in this family of proteins.
Materials and Methods
Data Retrieval and Processing
The analyses were based on three data sets from the following sources: The Pfam27.0 database
[9], the UniProt/SwissProt[10] database and the Protein Data Bank [11].
The Pfam dataset contained the full length protein sequences of 344 DNA-binding and 140
RNA-binding domain families. The sequences were filtered against redundancy using CD-HIT
[12], and the domains were extracted using Pfam scan [9] yielding 406,736 unique DNA-bind-
ing and 210,962 unique RNA-binding protein domain sequences. The complete Pfam-A data-
set (10,626,097 domain sequences), excluding the RNA- and DNA-binding domains, was used
as a reference.
From UniProt/SwissProt we retrieved 43,111 unique DNA-binding protein sequences
(GO:0003677) and 66,386 unique RNA-binding protein sequences (GO:0003723) based on
GO-terms. The full SwissProt dataset excluding RNA- and DNA-binding proteins was com-
posed of 542,782 protein sequences and served as a reference.
Finally, we retrieved 2877 unique DNA-protein complexes and 1605 unique RNA-protein
complexes, along with 4278 protein-protein complexes. 1420 unique DNA-binding, and 1293
unique RNA-binding protein sequences were extracted from the complexes, and compared to
the entire PDB dataset consisting of 57,041 unique protein sequences, excluding RNA- and
DNA-binding proteins. The sequences in FASTA format for each dataset can be downloaded
from http://pedb.vib.be/discons/data.tar.gz or from Dryad (doi:10.5061/dryad.33vn1).
Disorder Predictions and Conservation Analysis
Previously, we have developed DisCons [13](available at http://pedb.vib.be/discons), a novel
and freely accessible tool that serves two purposes: first, it provides a position-specific conser-
vation score of protein disorder in the context of a multiple sequence alignment (MSA). Sec-
ond, it classifies each position by combining the conservation scores of the sequence and of the
structural disorder, following the protocol of Bellay et al.[14].
Briefly, the calculation procedure is the following: during the initial step, DisCons performs
a PSI-BLAST search against a specified collection of protein sequences; we used the UniProt/
Functions of Intrinsic Disorder in RNA-Binding Proteins
PLOS ONE | DOI:10.1371/journal.pone.0139731 October 6, 2015 2 / 16
SwissProt database for this purpose in our analysis. Hits that satisfy the pre-set thresholds are
then aligned using MAFFT [15] and the MSA serves as an input for the next steps of the Dis-
Cons pipeline. Position-specific sequence conservation scores (SCS) are calculated based on
the MSA by the scoring method of Capra et al.[16]with Jensen-Shannon divergence and a
window of size 3. Scores range from 0 (diverse) to 9 (strongly conserved). Next, disorder
scores are calculated using IUPred [17] and are mapped onto the MSA. Position-specific dis-
order conservation scores (DCS) are determined by calculating the fraction of positions for
which the disorder score is 0.5 or greater, with scores also ranging from 0 (non-conserved) to
9 (highly conserved).
Finally, for those MSA positions where the fraction of gaps across the aligned sequences is
less than 30%, the sequence- and disorder conservation scores are combined, and positions are
classified as having i.) 'Constrained' disorder, if both scores are 0.5 or greater; ii.) 'Flexible' dis-
order, if the sequence conservation score is lower than 0.5, but the disorder conservation score
is 0.5 or greater; iii.) 'Non-conserved' disorder, if the disorder conservation score is lower than
0.5, but higher than 0; and finally, iv.) 'Structured', if the disorder conservation score is 0, indi-
cating the complete lack of disorder at the given position.
Identifying Secondary Structural Elements and Interface Residues
Secondary structure assignments for protein chains were obtained by the DSSP algorithm
[18]. The secondary structure types considered were: alpha- and 310-helix, beta-strand, turn
(with or without hydrogen bonding), and unclassified. The two helical types and strands
were considered as ‘regular’ secondary structures, whereas turns and unclassified types were
labelled ‘non-regular’ secondary structures, according to the previously described protocol of
Guharoy et al.[19].
Protein residues in direct contact with RNA were identified by pair-wise distance calcula-
tions between protein and RNA chains: contacts that consisted of 5 or more atom pairs within
5Å were recorded interface contacts, effectively identifying 19128 protein-RNA interfaces. The
residues of these interfaces were investigated in terms of sequence- and disorder conservation
using the DisCons pipeline described in the previous section.
Conformational Stability and Surface Accessibility Plots
Conformational stability of the protein chains in 1605 RNA-protein, 2877 DNA-protein and
4278 protein-protein complexes was calculated using FoldX[20]. The bound conformations of
the proteins were separated from the complexes, and the calculations were performed on every
single chain.
We plotted the accessible surface area as a function of the accessible interface area, normal-
ized by the number of residues, as suggested by Nussinov[4, 21], where structured proteins are
located on the lower left side of the plot, below the threshold line of 80, while (disordered) pro-
teins flexible in their free form are found in the upper right side [4, 21]. In order to create the
plots, the whole surface area, the chain surface area and the complement surface area have
been calculated for each complex using in-house Python scripts, and the interface areas were
defined as the whole complex area subtracted from the sum of the chain surface area and the
complement surface area. This value was divided by two to take into account only one side of
the interface. The calculations involved the usage of the PDBParser module of the Bio.PDB
package [22] and the PyMol package to calculate the areas via The PyMol Molecular Graphics
System, Version 1.5.0.4 Schrödinger, LLC. We used the parameter “dot solvent” set to “on” so
that the solvent accessible surface area was taken into account. The accessible surface area and
the interface area were both normalized to the number of residues.
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Investigating the Number of Interaction Partners in RNA-Protein
Complexes
The number of unique interaction partners for RNA-binding protein chains was calculated
using in-house Python scripts that used the PDBParser module of Bio.PDB [22]. For PDB
entries with multiple models, only the first model was taken into consideration. Interacting res-
idues were defined as residues having at least one atom (each) with a maximum distance of 5 Å
from each other. We considered two chains as interaction partners if they had at least 5 inter-
acting residues.
Statistical Analyses
Data processing, exploratory data analyses and statistical tests were performed in the R statisti-
cal programming environment using RStudio. Welch t-tests were performed where the distri-
butions were not Gaussian and we could not assume equal variances. Kolmogorov-Smirnov
tests were performed in cases where the only valid assumption regarding the variables was
their continuity. A p-value of 2.2e-16 is the lowest precision point allowed in R, and implies
extremely high significance.
Results
Large Scale Investigation of Structural Disorder Reveals Ubiquitous
Enrichment of Conserved Flexibility in RNA-Binding Proteins
The prevalence of intrinsically disordered regions in RNA-binding proteins is well docu-
mented, yet the reasons behind this phenomenon and its consequences are not fully explored
[5, 23]. In order to comparatively investigate the functional implications of conformational
flexibility in these proteins, we have assembled a comprehensive dataset of RNA- and DNA-
binding protein sequences and structures.
The initial step of the large-scale computational investigation was to calculate residue-wise
disorder scores for each protein sequence in our complete dataset. One of the meaningful
descriptors of disorder that can be derived from such scores is the fraction of disordered resi-
dues, which provides information on the overall disorder content of a protein chain. The distri-
bution of the disorder ratios for the sequences across the three datasets is displayed on Fig 1.
In all three datasets, RNA- and DNA-binding proteins have significantly higher disorder
contents than the reference datasets, as tested by two-sample Welch t-tests, yielding p-values
lower than 2.2e-16. The domain sequences in the Pfam dataset have generally lower disorder
ratios, compared to the PDB and SwissProt datasets. This is to be expected, since Pfam is host-
ing sequences of domains that most often have well-defined structures. However, RNA-bind-
ing regions are often found outside the boundaries of Pfam domains, and in fact most of the
recently discovered RNA-binding sites are within such intrinsically disordered regions[24, 25].
The PDB dataset contains relatively more disorder, as flexible segments can undergo induced
folding upon binding or certain conformations might be selected from the dynamic ensemble
(i.e. conformational selection). The highest proportion of disordered residues is observed in
the dataset of the full length RBP protein sequences of the SwissProt dataset. Upon comparing
RNA binding domains (RBDs)across taxonomic groups (viruses, bacteria, archaea and eukar-
yota), the Pfam and SwissProt datasets show distinct differences (Fig 2).
Viral RBDs of the Pfam dataset (Fig 2A) have surprisingly high fractions of disordered resi-
dues: almost 30% of all the amino acids are predicted to be disordered, compared to bacteria
(5%) and eukaryota (8%). The SwissProt dataset (Fig 2B) is more balanced, with viral RNA-
binding proteins having 20% disorder, while eukaryotic RNA-binding proteins 21% on
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average. When compared to DNA-binding domains/proteins, RNA-binders generally have
higher disorder content, except for the known eukaryotic protein sequences, where the average
ratio of disordered residues in DNA-binding proteins is significantly higher (33%).
Structural disorder is generally rather abundant in eukaryotic organisms; in fact, up to 30%
of the eukaryotic proteins are predicted to have intrinsically disordered regions [26]. It has
Fig 1. Fractions of disordered residues. Box plot of the ratios of disordered residues across three
datasets: The Pfam dataset, the PDB dataset and the SwissProt dataset. DNA- (blue) and RNA- (orange)
binding proteins/domains are compared to the reference datasets (grey). In all three datasets the RNA-
binding proteins/domains have significantly higher disorder content than the reference data.
doi:10.1371/journal.pone.0139731.g001
Fig 2. Disorder content across taxonomic groups. The two box plots compare the ratios of disordered
residues across major taxonomic groups. The Pfam dataset (A) is significantly biased by viral domains which
have an outstandingly high, 30% disorder content. The SwissProt dataset (B) is more balanced, where viral
(19%) and eukaryotic (21%) RNA-binding proteins have the highest fraction of disordered residues, along
with DNA-binding eukaryotic proteins.
doi:10.1371/journal.pone.0139731.g002
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been speculated, that disorder as a feature might be required for the coordination of signalling
and regulatory pathways in the complex eukaryotic cells [27]. Viruses on the other hand might
be enriched in disorder, because disordered regions are thought to face reduced selective pres-
sure[28], enabling the rapid evolution of viral sequences, leading to enhanced adaptability.
Additionally, viral genomes are selected to be compact, and in this regard disordered segments
with a high density of functional motifs have an obvious advantage [29]. However, the unex-
pectedly high ratio of disorder in viral domains of Pfam could also indicate that viral proteins
have less well-defined domains, and the boundary between short domains and (disordered)
binding motifs is blurry. Thus we have seen that RNA-binding proteins are enriched in disor-
der, but is this conformational flexibility functional?
The conservation of an important feature, such as the amino acid sequence of a protein, or
the presence of intrinsic disorder may help identify functionally important protein segments.
We have used our recently developed disorder conservation analysis pipeline, DisCons[13], to
quantify the conservation of sequence and of disorder in an evolutionary context. Following
the nomenclature of Bellay et al.[14], DisCons classifies disordered positions into three relevant
categories: i.) 'Constrained', if both disorder propensity and amino acid sequence are con-
served; ii.) 'Flexible', if the sequence shows high degree of variability, yet disorder as a feature is
conserved; and finally iii.) 'non-conserved', if the disorder of a position is not consistent. First,
we analysed the PDB dataset to provide a background against which to quantify the conserva-
tion of disorder in RNA-, DNA- and protein-binding proteins. Disorder and sequence conser-
vation score pairs of each position in the PDB dataset are displayed on Fig 3.
As shown by two-sample Kolmogorov-Smirnov tests, disorder in RNA-binding proteins is
significantly more conserved (p-value less than 2.2e-16), than in DNA-binding proteins, or
proteins of PDB in general. Additionally, disorder in RBPs is often conserved even when the
underlying amino acid sequence is not, indicating the functional importance of the lack of
structure, rather than of specific residues within such disordered regions. The conservation of
disorder is even more pronounced for residues that are in direct contact with RNA, i.e. RNA-
binding interface residues (Fig 3D). On the binding interfaces 'constrained' disorder dominates,
as both sequence and structural disorder are strongly conserved.
Fig 4 provides two specific examples of 'constrained' disordered interfaces in protein-RNA
complexes. The protein chain segments that border the members of the RNA Recognition
Motif (RRM) domain family often also play important roles in RNA-binding. In many known
examples these flanking segments undergo disorder-to-order transitions that juxtapose them
with RNA. The additional contacts serve to increase the total interaction surface, thus they
enhance the binding affinity and also tune specificity of the interaction.
One such example is the RRM domain of splicing factor Tra2-β1 in complex with RNA
(PDB IDs 2CQC, bound; and 2RRA, unbound) (Fig 4A). Here, both the N- and C-terminal
regions of the RRM are disordered in the free state, but adopt a folded structure in the complex
with RNA, forming extensive contacts [30]. Therefore, the complete interface consists not only
of the canonical β-sheet residues of the RRM, but also encompasses the terminal residues flank-
ing the RRM. Interaction with the N- and C-terminal extensions not only increases binding
affinity, but it is also important for specificity, as recognition of the RNA involves hydrogen
bonding with several of the RRM flanking residues[31]. It is very likely that the structural
ordering of the two termini of the RRM in the complex serves yet another important purpose.
The build-up of Tra2-β1 is unique in the sense that its RRM is located between two RS (argi-
nine-serine) domains, and the folding of the RRM-flanking linkers upon RNA binding also
induces the correct positioning of the RS domains. Furthermore, the folding of the disordered
termini might also assist in the formation of functional protein-protein interactions of human
Tra2-β with other splicing factors. Direct interactions of human Tra2-β with two such novel
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splicing factors, hnRNP-G and SRp30c modulate the inclusion of exon7 of the survival motor
neuron gene (SMN2) in the final transcript, preventing the lethal condition of proximal spinal
muscular atrophy (SMA) [32, 33]. In accordance with the functional importance of the termi-
nal residues of the RRM in Tra2-β1, our analysis of sequence and disorder conservation (Fig
4A, bottom) indicates that both the N- and C-terminus of this domain are segments of 'con-
strained' disorder, underlining that the functional importance of their interactions with RNA
and additional protein partners are manifested in the conservation of both their sequence and
Fig 3. Conservation of sequence and of disorder.Heat maps of the sequence- and disorder conservation score pairs of each residue in different sets of
structures. Each DisCons [13] score pair corresponds to a specific position in a multiple sequence alignment. The score pairs are binned, and the bins are
colour coded: from light orange (few) to dark blue (many). Disorder is more conserved in RNA-binding protein chain (C) and especially in the RNA-binding
interface residues (D) than in protein- or DNA-binding protein chains (A and B respectively).
doi:10.1371/journal.pone.0139731.g003
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disorder. The sequence of the RRM itself is highly conserved, and in addition the sequences of
the flanking segments are also strongly conserved. Disorder within RRM, a well-structured
fold, is low; the flanking regions, however, are disordered and, importantly, this disordered
nature is consistent across all the aligned sequences.
Another biologically relevant example of the role of disordered N- and C-terminal exten-
sions of RRMs for RNA recognition is provided by the conservation of sequence and disorder
in the case of mRNA 3’UTR recognition by the nuclear polyadenylated RNA-binding protein 4
(Hrp1) (Fig 4B). In this instance, RNA recognition and binding occurs via tandem RRMmod-
ules. In addition to the primary RNA binding surfaces offered by the beta-sheets of both RRMs
and their C- and N-terminal flexible residues, the inter-domain linker (connecting RRMs 1
and 2) also plays a critical role in the interaction. While the linker forms a short alpha-helix in
the crystal structure of the protein-RNA complex (PDB 2CJK, bound) [34], it is disordered in
the unbound state and by NMR chemical shift differences it undergoes significant structural
Fig 4. Examples of constrained disorder. Two examples of 'constrained' disorder, where both the sequence and the disorder feature are conserved. In the
RRM domain of splicing factor Tra2-β1 in complex with RNA (A) both the N- and C-termini regions (orange)adopt a folded state and form extensive interface
contacts (left side of panel A) with RNA (blue), whereas they are flexible in the free form (right side of panel A). In the case of Hrp1 protein (B) RNA
recognition and binding occurs via tandemRRMmodules, and the termini along with the inter-domain linker (orange)are also implicated as a key player in the
interaction. This linker is flexible in the unbound state, and forms a short alpha-helix when in complex with RNA (blue). At the bottom of panel A and B the
respective sequence and disorder conservation profiles are shown.
doi:10.1371/journal.pone.0139731.g004
Functions of Intrinsic Disorder in RNA-Binding Proteins
PLOS ONE | DOI:10.1371/journal.pone.0139731 October 6, 2015 8 / 16
changes. The helix contains a large number of charged residues which make it disordered in
the isolated form, and are important in stabilizing the complex with RNA through salt-bridge
interactions. In accordance with its importance in binding to the RNA, the linker region is pre-
dicted to be of 'constrained' disorder (Fig 4B). This mode of RNA recognition, which involves
active participation of the linker, is also seen in the crystal structures of Sex-lethal [35], PABP
[36], HuD [37] and nucleolin[38]: in all these cases, the linker connecting the two RRM
domains is disordered in the free protein, and becomes folded in the complex with RNA.
Structural Consequences of Conformational Flexibility
We predicted that a significant fraction of the residues in RNA-binding proteins are intrinsi-
cally disordered, and showed that their disorder is evolutionarily conserved, especially in the
regions that constitute the binding interfaces. Such a strong enrichment of flexible residues
should have significant effects on the conformational stability of these proteins. To test this, we
calculated the conformational energies of each protein chain in our PDB dataset using the
energy scoring function of FoldX [20](Fig 5A). According to two-sample Welch t-tests, the
structures of RNA-binding chains are significantly less stable (higher energies), in comparison
to DNA-binding or protein-binding protein chains. This indicates that most of the RNA-
bound protein structures found in PDB are likely to be unstable in the unbound form, and are
only stabilized by binding to RNA. Indeed, when the normalized accessible surface area and
the normalized interface area of each chain are displayed (Fig 5B), RNA-binding protein chains
often occupy the area of the plot that is specific to disordered proteins that fold upon binding
according to Nussinov et al[21], forming relatively large interaction interfaces. It appears that
RNA-binding proteins are more disordered, and make larger interfaces than DNA- and pro-
tein-binding proteins. In fact, there is a positive correlation (Pearson correlation coefficient of
0.44) between the ratio of disordered residues and the normalized size of interaction interfaces
in this class of proteins. Fig 5C and 5D provide examples of this correlation. The formation of
the interface in the protein-RNA complex of the Levi coat domain (PDB ID 1AQ3) includes
approximately 10% of the domain residues, and has a disorder content of 24% (Fig 5C). In con-
trast, nearly 90% of the residues are in interaction with RNA in the complex of the ribosomal
L37 domain, which has a disorder content of 43% (Fig 5D).
Even though most of the disordered regions of RNA-binding proteins appear to obtain a
more rigid conformation upon binding, only a fraction of the regions adopt regular secondary
structural elements. Overall, around a quarter of every disordered residues adopts either helical
(16.2%) or strand (11.1%) conformations. This ratio is even smaller on the binding interfaces,
where only every fifth residue occurs within regular secondary structural elements. This indi-
cates that while the global conformation of the RNA-binding proteins tends to be compact, the
disordered regions generally remain more extended even in the bound form, and often wrap
around RNA-segments, making large interfaces.
Functional Implications of Intrinsic Disorder
Disordered regions are enriched in disorder-promoting amino acids, such as glycine, proline
or arginine, and are depleted in order-promoting hydrophobic residues that could form a stable
hydrophobic core [39]. Ribosomal proteins are known to be enriched in positively charged resi-
dues [40], and this feature is generally true for RNA-binding proteins. Compared to the back-
ground amino acid composition of the complete PDB dataset, we found that there is a 40%
increase in the relative amount of arginines and a 33% increase in lysines. When considering
only those residues that are in direct contact with RNA, these numbers further increase tre-
mendously: 180% in the relative amount of arginines and 116% in lysines. Such significant
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biases in the amino acid composition clearly indicate the importance of electrostatic interac-
tions in RNA-binding, and could also account for the prevalence of intrinsic disorder. Upon
examining the sequence conservation of each residue type on the RNA-binding interfaces, argi-
nines were found to be slightly more conserved than the average, while the most conserved res-
idues in disordered regions were cysteins, glycines and tryptophanes (Fig 6). This conservation
pattern indicates the functional importance of those residues that do not actively participate in
establishing electrostatic interactions, but may offer additional features, such as unusual aspects
of the polypeptide backbone or hydrophobic interactions with bases of the nucleotides. A
Fig 5. Consequences of disorder on conformational energies and interface area. According to energy calculations with FoldX (A), RNA-binding protein
chains are significantly less stable than DNA-binding and protein-binding protein chains in the PDB database, indicating that the unbound conformations are
either flexible or conformationally different than in the bound forms. On the other hand, the relative size of the binding interfaces tend to be significantly higher
in RNA-binding proteins (B). The smaller circles on the plot are individual chains, while the large circles are the average for each of the following groups:
‘gray’ for protein-binding chains, ‘orange’ for RNA-binding chains and ‘blue’ for DNA-binding chains. On average, RNA-binding chains are the most likely to
be flexible in the unbound conformation. Two examples from the spectrum of relative interface sizes and disorder content are shown on panels C and D.
doi:10.1371/journal.pone.0139731.g005
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further benefit may be provided by ‘fly-casting’, i.e. a binding rate acceleration as a result of a
relatively large capture radius of IDPs compared to structured protein segments[41].
Besides supporting a high number of favourable electrostatic interactions and increasing the
capture radius of the protein, there is yet another major advantage of conformational flexibility,
which is its multi-functionality or ‘moonlighting’ [42]. It has been shown that arginine-rich
RNA-binding motifs (ARMs) may bind, different RNAs by adapting to different binding sur-
faces[43, 44]. One such classical example is the Tat protein of the Jembrana disease virus
(JDV), which can bind different TAR RNA sites [43]. These proteins are unique transcription
factors, which bind mRNA transcripts rather than DNA. The RNA-recognition site of JDV Tat
was found to bind not only to its native TAR site, but also HIV and BIV TAR RNAs. The con-
formation of the bound ARM of Tat is context dependent and unique in each interaction. It
has been speculated that while arginines play a key role in establishing electrostatic interac-
tions, the other residues are responsible for providing specificity via negative steric and electro-
static effects [44], which could explain the conservation of additional amino acids found in
IDRs of RNA-binding proteins.
Additionally, conformational flexibility could be favourable in allowing a multi-domain
protein chain to act as a scaffold by binding multiple protein and nucleic acid partners at the
Fig 6. Amino acid specific conservation scores on disordered regions. Position-specific conservation score for each amino acid across the disordered
regions of RNA-binding proteins. Negatively charged residues are less conserved, while arginines are more conserved than the average (blue dashed line).
However, additional residues are also significantly more conserved than the average. Residues with mean sequence conservation scores significantly higher
than that of the overall dataset are darker orange, while significantly less conserved residues are lighter orange.
doi:10.1371/journal.pone.0139731.g006
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same time. In order to test this hypothesis, we investigated the correlation of distinct features
of the RNA-binding chains with the number of their partners, with focus on the possible effects
of intrinsic disorder (Fig 7). Apparently, the number of partners does not increase with higher
flexibility of the protein chain; on the contrary, there is a slight negative correlation (Kendall's
tau -0.131). Of the examined parameters, only the area of the interface (Pearson 0.458) and the
length of the sequence (Kendall's tau 0.178) show positive correlation with the number of
bound partners in the complex. Based on these findings it seems unlikely that the increase of
disorder content in RNA-binding proteins was driven by an optimization towards functioning
as molecular scaffolds.
Discussion
RNA-binding proteins have often been associated with intrinsic disorder, yet the functional
advantages of flexibility remain unclear [5]. Intrinsically disordered regions that make contacts
with protein or nucleic acid partners undergo induced folding or disorder-to-order transitions
to make a more structured conformational state[6]. Such transitions have an inherent entropic
cost, which may make the interaction weaker than between rigid partners[5]. In this work, we
provide a comprehensive and detailed overview on the prevalence and role of structural disor-
der RNA-binding proteins.
We show that RNA-binding proteins are significantly enriched in disorder, and that a
major fraction of the disordered residues are found within the binding interfaces that are in
direct contact with RNA. Disordered interface residues tend to fall into the category 'Con-
strained' disorder, since both their amino acid sequence and their disorder feature are highly
conserved. In contrast, in the full length RNA-binding protein chains, the conservation of dis-
order is twice as high, as the conservation of the underlying sequence. In this latter case the
function of the protein segment relies more upon the overall structural flexibility than on par-
ticular amino acid residues, which is in line with the general idea that disordered regions face
less stringent evolutionary pressure [45], as for example demonstrated by the HIV Rev motif.
Rev is an ARM, much like Tat, and it has been shown that this disordered segment is robust
against substitutions[46]. Based on the distinct differences in the conservation profiles of de
facto binding residues and those that mainly function as flexible linkers, it would seem likely
Fig 7. Parameters that are correlated with the number of interacting partners. In order to test the hypothesis that disorder is favourable for allowing the
protein chains to act as molecular scaffolds, we investigated several parameters in correlation with the number of bound partners in RNA-protein complexes.
While the number of partners is positively correlated with the area of the interaction interface (A), and slightly with the length of the sequence, it is weakly and
negatively correlated with the ratio of disordered residues. All three parameters were normalized.
doi:10.1371/journal.pone.0139731.g007
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that tools, such as DisCons[13]that investigate and quantify the conservation of both the
amino acid sequence and the disordered nature of a protein may offer an additional layer of
information that can complement and enhance the performance of RNA-binding site predic-
tion software, such as RNABindR [47], NAPS[48] or RNAProB[49], even though some of
these methods already take evolutionary information into account. While the accuracy of
these tools is progressively getting higher, it was shown recently that different methods some-
times yield conflicting predictions [50]. Evaluating the conservation profiles in case of such
conflicts could serve as cross-validation and may provide additional support for the validity of
a specific prediction.
The disordered and conserved residues that interact with RNA are significantly biased in
their amino acid composition, having more than twice as much positively charged residues as
the average in PDB. These disordered and positively charged chains form extended segments
that maximize the interfaces between RNA and protein, supporting the notion that disordered
regions are able to establish well-fitted and larger interaction interfaces than their folded coun-
terparts[51, 52]. Additionally, the stability of the structure of RNA-binding protein chains is
affected drastically by the abundance of intrinsically disordered residues.
All together, these findings demonstrate that the main functional contribution of intrinsic
structural disorder in RNA-binding proteins is that it allows the formation of large, extended
interaction interfaces dominated by electrostatic interactions. Another important role of con-
formational flexibility is to support multi-functional regions, such as the ARM sites, which can
target different RNA partners via context dependent binding-induced folding[7, 43]. Such
multi-functionality is especially favourable for viruses, in which new functional protein-RNA
interactions may evolve rapidly, without non-functional intermediates [44], coupled with the
additional advantage of genome compaction[29].
Conclusions
In this study we presented a comprehensive analysis on the enrichment of structural disorder
in RNA-binding proteins, and look for possible explanations of this phenomenon in terms of
the functioning of IDRs through disorder-to-order transitions. Since such conformational
changes are entropically expensive, the functional advantages of excessive conformational flexi-
bility is questionable. We suggest that intrinsic disorder provides for two major advantages:
First, these proteins establish large, extended electrostatic interaction interfaces dominated by
positively charged, conserved disorder-promoting residues. Tight contacts within these large
interfaces is a result of induced fit [52], which in combination with the ‘fly-casting’ effect can
accelerate and optimize molecular recognition. Second, conformational flexibility makes
multi-functionality (i.e. ‘moonlighting’) feasible by targeting different RNA partners with the
same disordered protein segment, by acquiring conformations in a context-dependent manner
[7, 43]. While positively charged residues within these IDRs contribute to electrostatic interac-
tions, other residues provide specificity, mostly by negative steric effects. Such multi-function-
ality also supports genome compaction and the rapid evolution of new interactions without the
disadvantage of non-functional intermediates.
Acknowledgments
This work was supported by the Odysseus grant G.0029.12 (FWO, Research Foundation Flan-
ders) to Peter Tompa and by a VIB international postdoctoral (omics@VIB) fellowship for
Mainak Guharoy.
Functions of Intrinsic Disorder in RNA-Binding Proteins
PLOS ONE | DOI:10.1371/journal.pone.0139731 October 6, 2015 13 / 16
Author Contributions
Conceived and designed the experiments: MV FZS MG PT. Performed the experiments: MV
FZS. Analyzed the data: MV FZS. Wrote the paper: MVMG PT.
References
1. Moore PB. How should we think about the ribosome? Annual review of biophysics. 2012; 41:1–19. doi:
10.1146/annurev-biophys-050511-102314 PMID: 22577819.
2. Ravindranathan S, Oberstrass FC, Allain FH. Increase in backbone mobility of the VTS1p-SAM domain
on binding to SRE-RNA. Journal of molecular biology. 2010; 396(3):732–46. doi: 10.1016/j.jmb.2009.
12.004 PMID: 20004205.
3. Aboul-ela F, Karn J, Varani G. The structure of the human immunodeficiency virus type–1 TAR RNA
reveals principles of RNA recognition by Tat protein. Journal of molecular biology. 1995; 253(2):313–
32. doi: 10.1006/jmbi.1995.0555 PMID: 7563092.
4. Peng Z, Oldfield CJ, Xue B, Mizianty MJ, Dunker AK, Kurgan L, et al. A creature with a hundred waggly
tails: intrinsically disordered proteins in the ribosome. Cellular and molecular life sciences: CMLS.
2014; 71(8):1477–504. doi: 10.1007/s00018-013-1446-6 PMID: 23942625.
5. Williamson JR. Induced fit in RNA-protein recognition. Nature structural biology. 2000; 7(10):834–7.
doi: 10.1038/79575 PMID: 11017187.
6. Frankel AD. If the loop fits. Nature structural biology. 1999; 6(12):1081–3. doi: 10.1038/70002 PMID:
10581539.
7. Weiss MA, Narayana N. RNA recognition by arginine-rich peptide motifs. Biopolymers. 1998; 48(2–
3):167–80. doi: 10.1002/(SICI)1097-0282(1998)48:2<167::AID-BIP6>3.0.CO;2-8 PMID: 10333744.
8. GuhaThakurta D, Draper DE. Contributions of basic residues to ribosomal protein L11 recognition of
RNA. Journal of molecular biology. 2000; 295(3):569–80. doi: 10.1006/jmbi.1999.3372 PMID:
10623547.
9. Punta M, Coggill PC, Eberhardt RY, Mistry J, Tate J, Boursnell C, et al. The Pfam protein families data-
base. Nucleic acids research. 2012; 40(Database issue):D290–301. doi: 10.1093/nar/gkr1065 PMID:
22127870; PubMed Central PMCID: PMC3245129.
10. Bairoch A, Apweiler R, Wu CH, Barker WC, Boeckmann B, Ferro S, et al. The Universal Protein
Resource (UniProt). Nucleic acids research. 2005; 33(Database issue):D154–9. doi: 10.1093/nar/
gki070 PMID: 15608167; PubMed Central PMCID: PMC540024.
11. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, et al. The Protein Data Bank.
Nucleic acids research. 2000; 28(1):235–42. PMID: 10592235; PubMed Central PMCID: PMC102472.
12. Li W, Godzik A. Cd-hit: a fast program for clustering and comparing large sets of protein or nucleotide
sequences. Bioinformatics. 2006; 22(13):1658–9. doi: 10.1093/bioinformatics/btl158 PMID: 16731699.
13. Varadi M, Guharoy M, Zsolyomi F, Tompa P. DisCons: a novel tool to quantify and classify evolutionary
conservation of intrinsic protein disorder. BMC bioinformatics. 2015; 16:153. doi: 10.1186/s12859-015-
0592-2 PMID: 25968230; PubMed Central PMCID: PMC4427981.
14. Bellay J, Han S, Michaut M, Kim T, Costanzo M, Andrews BJ, et al. Bringing order to protein disorder
through comparative genomics and genetic interactions. Genome biology. 2011; 12(2):R14. doi: 10.
1186/gb-2011-12-2-r14 PMID: 21324131; PubMed Central PMCID: PMC3188796.
15. Katoh K, Standley DM. MAFFTmultiple sequence alignment software version 7: improvements in per-
formance and usability. Molecular biology and evolution. 2013; 30(4):772–80. doi: 10.1093/molbev/
mst010 PMID: 23329690; PubMed Central PMCID: PMC3603318.
16. Capra JA, Singh M. Predicting functionally important residues from sequence conservation. Bioinfor-
matics. 2007; 23(15):1875–82. doi: 10.1093/bioinformatics/btm270 PMID: 17519246.
17. Dosztanyi Z, Csizmok V, Tompa P, Simon I. The pairwise energy content estimated from amino acid
composition discriminates between folded and intrinsically unstructured proteins. J Mol Biol. 2005; 347
(4):827–39. Epub 2005/03/17. S0022-2836(05)00129-4 [pii] doi: 10.1016/j.jmb.2005.01.071 PMID:
15769473.
18. Joosten RP, te Beek TA, Krieger E, Hekkelman ML, Hooft RW, Schneider R, et al. A series of PDB
related databases for everyday needs. Nucleic acids research. 2011; 39(Database issue):D411–9. doi:
10.1093/nar/gkq1105 PMID: 21071423; PubMed Central PMCID: PMC3013697.
19. Guharoy M, Chakrabarti P. Secondary structure based analysis and classification of biological inter-
faces: identification of binding motifs in protein-protein interactions. Bioinformatics. 2007; 23(15):1909–
18. doi: 10.1093/bioinformatics/btm274 PMID: 17510165.
Functions of Intrinsic Disorder in RNA-Binding Proteins
PLOS ONE | DOI:10.1371/journal.pone.0139731 October 6, 2015 14 / 16
20. Guerois R, Nielsen JE, Serrano L. Predicting changes in the stability of proteins and protein complexes:
a study of more than 1000 mutations. Journal of molecular biology. 2002; 320(2):369–87. doi: 10.1016/
S0022-2836(02)00442-4 PMID: 12079393.
21. Gunasekaran K, Tsai CJ, Nussinov R. Analysis of ordered and disordered protein complexes reveals
structural features discriminating between stable and unstable monomers. Journal of molecular biol-
ogy. 2004; 341(5):1327–41. doi: 10.1016/j.jmb.2004.07.002 PMID: 15321724.
22. Hamelryck T, Manderick B. PDB file parser and structure class implemented in Python. Bioinformatics.
2003; 19(17):2308–10. PMID: 14630660.
23. Chen JW, Romero P, Uversky VN, Dunker AK. Conservation of intrinsic disorder in protein domains
and families: II. functions of conserved disorder. Journal of proteome research. 2006; 5(4):888–98. doi:
10.1021/pr060049p PMID: 16602696; PubMed Central PMCID: PMC2533134.
24. Tsvetanova NG, Klass DM, Salzman J, Brown PO. Proteome-wide search reveals unexpected RNA-
binding proteins in Saccharomyces cerevisiae. PloS one. 2010; 5(9). doi: 10.1371/journal.pone.
0012671 PMID: 20844764; PubMed Central PMCID: PMC2937035.
25. Castello A, Fischer B, Eichelbaum K, Horos R, Beckmann BM, Strein C, et al. Insights into RNA biology
from an atlas of mammalian mRNA-binding proteins. Cell. 2012; 149(6):1393–406. doi: 10.1016/j.cell.
2012.04.031 PMID: 22658674.
26. Dunker AK, Oldfield CJ, Meng J, Romero P, Yang JY, Chen JW, et al. The unfoldomics decade: an
update on intrinsically disordered proteins. BMC genomics. 2008; 9 Suppl 2:S1. doi: 10.1186/1471-
2164-9-S2-S1 PMID: 18831774; PubMed Central PMCID: PMC2559873.
27. Dunker AK, Obradovic Z. The protein trinity–-linking function and disorder. Nature biotechnology. 2001;
19(9):805–6. doi: 10.1038/nbt0901-805 PMID: 11533628.
28. Light S, Sagit R, Sachenkova O, Ekman D, Elofsson A. Protein expansion is primarily due to indels in
intrinsically disordered regions. Molecular biology and evolution. 2013; 30(12):2645–53. doi: 10.1093/
molbev/mst157 PMID: 24037790.
29. Ferreon JC, Martinez-Yamout MA, Dyson HJ, Wright PE. Structural basis for subversion of cellular con-
trol mechanisms by the adenoviral E1A oncoprotein. Proceedings of the National Academy of Sciences
of the United States of America. 2009; 106(32):13260–5. doi: 10.1073/pnas.0906770106 PMID:
19651603; PubMed Central PMCID: PMC2726373.
30. Clery A, Jayne S, Benderska N, Dominguez C, Stamm S, Allain FH. Molecular basis of purine-rich RNA
recognition by the human SR-like protein Tra2-beta1. Nature structural & molecular biology. 2011; 18
(4):443–50. doi: 10.1038/nsmb.2001 PMID: 21399644.
31. Tsuda K, Someya T, Kuwasako K, Takahashi M, He F, Unzai S, et al. Structural basis for the dual RNA-
recognition modes of human Tra2-beta RRM. Nucleic acids research. 2011; 39(4):1538–53. doi: 10.
1093/nar/gkq854 PMID: 20926394; PubMed Central PMCID: PMC3045587.
32. Hofmann Y, Wirth B. hnRNP-G promotes exon 7 inclusion of survival motor neuron (SMN) via direct
interaction with Htra2-beta1. Human molecular genetics. 2002; 11(17):2037–49. PMID: 12165565.
33. Young PJ, DiDonato CJ, Hu D, Kothary R, Androphy EJ, Lorson CL. SRp30c-dependent stimulation of
survival motor neuron (SMN) exon 7 inclusion is facilitated by a direct interaction with hTra2 beta 1.
Human molecular genetics. 2002; 11(5):577–87. PMID: 11875052.
34. Perez-Canadillas JM. Grabbing the message: structural basis of mRNA 3'UTR recognition by Hrp1.
The EMBO journal. 2006; 25(13):3167–78. doi: 10.1038/sj.emboj.7601190 PMID: 16794580; PubMed
Central PMCID: PMC1500993.
35. Handa N, Nureki O, Kurimoto K, Kim I, Sakamoto H, Shimura Y, et al. Structural basis for recognition of
the tra mRNA precursor by the Sex-lethal protein. Nature. 1999; 398(6728):579–85. doi: 10.1038/
19242 PMID: 10217141.
36. Deo RC, Bonanno JB, Sonenberg N, Burley SK. Recognition of polyadenylate RNA by the poly(A)-
binding protein. Cell. 1999; 98(6):835–45. PMID: 10499800.
37. Wang X, Tanaka Hall TM. Structural basis for recognition of AU-rich element RNA by the HuD protein.
Nature structural biology. 2001; 8(2):141–5. doi: 10.1038/84131 PMID: 11175903.
38. Allain FH, Bouvet P, Dieckmann T, Feigon J. Molecular basis of sequence-specific recognition of pre-
ribosomal RNA by nucleolin. The EMBO journal. 2000; 19(24):6870–81. doi: 10.1093/emboj/19.24.
6870 PMID: 11118222; PubMed Central PMCID: PMC305906.
39. Gsponer J, Babu MM. The rules of disorder or why disorder rules. Progress in biophysics and molecular
biology. 2009; 99(2–3):94–103. doi: 10.1016/j.pbiomolbio.2009.03.001 PMID: 19344736.
40. Burton B, Zimmermann MT, Jernigan RL, Wang Y. A computational investigation on the connection
between dynamics properties of ribosomal proteins and ribosome assembly. PLoS computational biol-
ogy. 2012; 8(5):e1002530. doi: 10.1371/journal.pcbi.1002530 PMID: 22654657; PubMed Central
PMCID: PMC3359968.
Functions of Intrinsic Disorder in RNA-Binding Proteins
PLOS ONE | DOI:10.1371/journal.pone.0139731 October 6, 2015 15 / 16
41. Shoemaker BA, Portman JJ, Wolynes PG. Speeding molecular recognition by using the folding funnel:
the fly-casting mechanism. Proceedings of the National Academy of Sciences of the United States of
America. 2000; 97(16):8868–73. doi: 10.1073/pnas.160259697 PMID: 10908673; PubMed Central
PMCID: PMC16787.
42. Jeffery CJ. Moonlighting proteins: old proteins learning new tricks. Trends in genetics: TIG. 2003; 19
(8):415–7. doi: 10.1016/S0168-9525(03)00167-7 PMID: 12902157.
43. Smith CA, Calabro V, Frankel AD. An RNA-binding chameleon. Molecular cell. 2000; 6(5):1067–76.
PMID: 11106746.
44. Bayer TS, Booth LN, Knudsen SM, Ellington AD. Arginine-rich motifs present multiple interfaces for
specific binding by RNA. Rna. 2005; 11(12):1848–57. doi: 10.1261/rna.2167605 PMID: 16314457;
PubMed Central PMCID: PMC1370873.
45. Tokuriki N, Tawfik DS. Protein dynamism and evolvability. Science. 2009; 324(5924):203–7. doi: 10.
1126/science.1169375 PMID: 19359577.
46. Possik EJ, Bou Sleiman MS, Ghattas IR, Smith CA. Randomized codon mutagenesis reveals that the
HIV Rev arginine-rich motif is robust to substitutions and that double substitution of two critical residues
alters specificity. Journal of molecular recognition: JMR. 2013; 26(6):286–96. doi: 10.1002/jmr.2272
PMID: 23595810.
47. Walia RR, Caragea C, Lewis BA, Towfic F, Terribilini M, El-Manzalawy Y, et al. Protein-RNA interface
residue prediction using machine learning: an assessment of the state of the art. BMC bioinformatics.
2012; 13:89. doi: 10.1186/1471-2105-13-89 PMID: 22574904; PubMed Central PMCID: PMC3490755.
48. Carson MB, Langlois R, Lu H. NAPS: a residue-level nucleic acid-binding prediction server. Nucleic
acids research. 2010; 38(Web Server issue):W431–5. doi: 10.1093/nar/gkq361 PMID: 20478832;
PubMed Central PMCID: PMC2896077.
49. Cheng CW, Su EC, Hwang JK, Sung TY, HsuWL. Predicting RNA-binding sites of proteins using sup-
port vector machines and evolutionary information. BMC bioinformatics. 2008; 9 Suppl 12:S6. doi: 10.
1186/1471-2105-9-S12-S6 PMID: 19091029; PubMed Central PMCID: PMC2638146.
50. Nagarajan R, Gromiha MM. Prediction of RNA binding residues: an extensive analysis based on struc-
ture and function to select the best predictor. PloS one. 2014; 9(3):e91140. doi: 10.1371/journal.pone.
0091140 PMID: 24658593; PubMed Central PMCID: PMC3962366.
51. Gunasekaran K, Tsai CJ, Kumar S, Zanuy D, Nussinov R. Extended disordered proteins: targeting
function with less scaffold. Trends in biochemical sciences. 2003; 28(2):81–5. doi: 10.1016/S0968-
0004(03)00003-3 PMID: 12575995.
52. Tompa P, Szasz C, Buday L. Structural disorder throws new light on moonlighting. Trends in biochemi-
cal sciences. 2005; 30(9):484–9. doi: 10.1016/j.tibs.2005.07.008 PMID: 16054818.
Functions of Intrinsic Disorder in RNA-Binding Proteins
PLOS ONE | DOI:10.1371/journal.pone.0139731 October 6, 2015 16 / 16
